Idiopathic basal ganglia calcification is a brain calcification disorder that has been genetically linked to autosomal dominant mutations in the sodium-dependent phosphate co-transporter, SLC20A2. The mechanisms whereby deficiency of Slc20a2 leads to basal ganglion calcification are unknown. In the mouse brain, we found that Slc20a2 was expressed in tissues that produce and/or regulate cerebrospinal fluid, including choroid plexus, ependyma and arteriolar smooth muscle cells. Haploinsufficient Slc20a2 1/2 mice developed agedependent basal ganglia calcification that formed in glymphatic pathway-associated arterioles. Slc20a2 deficiency uncovered phosphate homeostasis dysregulation characterized by abnormally high cerebrospinal fluid phosphate levels and hydrocephalus, in addition to basal ganglia calcification. Slc20a2 siRNA knockdown in smooth muscle cells revealed increased susceptibility to high phosphate-induced calcification. These data suggested that loss of Slc20a2 led to dysregulated phosphate homeostasis and enhanced susceptibility of arteriolar smooth muscle cells to elevated phosphate-induced calcification. Together, dysregulated cerebrospinal fluid phosphate and enhanced smooth muscle cell susceptibility may predispose to glymphatic pathway-associated arteriolar calcification.
INTRODUCTION
Idiopathic basal ganglia calcification (IBGC) is a heritable disorder of bisymmetrical calcification in the basal ganglia, thalamus and cerebellum of the brain; it is a rare disease with unknown prevalence due to variable clinical features and inconsistent nomenclature (1) . People with IBGC display varied degrees of both motor control and neuropsychiatric problems that worsen with age, including ataxia and dementia (23) . In contrast to most calcification disorders, serum levels of both calcium and phosphorus are normal in patients with IBGC (1, 8) . Currently, an animal model recapitulating the autosomal dominant feature of IBGC is lacking. There are few treatments available for symptomatic IBGC, which underscores the need for mechanistic studies in animal models that mimic the human condition (1) .
Recently, human genome sequencing identified mutations in SLC20A2, PDGFB, PDGFRB and most recently XPR1 as causes of IBGC (2, 14, 16-18, 20-22, 28-30) . However, the majority of genetically linked IBGC cases are attributed to mutations in SLC20A2 (also called PiT-2, Ram1, MLVAR, IBGC1 and IBGC3), a member of the type III sodium-dependent phosphate transporter family (2, 18, 26, (28) (29) (30) . SLC20A2-mutation linked IBGC cases have been termed IBGC3 (28) . In several cases the SLC20A2 mutation sites fall within putative phosphate transport motifs, however, in many cases haploinsufficiency of SLC20A2 is expected (2, 17, (28) (29) (30) . Thus, in the present study we sought to determine whether Slc20a2 haploinsufficiency could cause BGC in mice, and to shed light on potential underlying mechanisms of IBGC3. This study presents a new hypothesis: that lack of Slc20a2 reduces phosphate clearance via glymphatic spaces, a newly identified metabolite clearance compartment of the central nervous system including perivascular and Virchow-Robins spaces.
MATERIALS AND METHODS

Animal studies
All mouse work was performed with IACUC approval from the University of Washington, Seattle. C57BL/6NTac-Slc20a2<tm1a(EUCOMM)Wtsi>/Ieg (Slc20a2 1/2) mice were purchased from the European Mouse Mutant Archive (EMMA). Wildtype (Slc20a2 1/1) C57Bl/6 mice were purchased from Jackson labs (Sacramento, CA) and from Taconic labs (Hudson, NY). At least 3 animals/genotype were analyzed for each experiment; specific animal numbers are noted throughout. Saphenous blood draws were performed and RNA was immediately extracted with Trizol according to the manufacturer's instructions (Life Technologies, 15596-018). Serum calcium and phosphorus were monitored at regular intervals between 2.5 months and 10 months, and remained in normal ranges. Mice were euthanized by IP injection of 40mg/kg body weight Beuthanasia-D. Tissues were isolated immediately and fixed in Clark's Fixative (3:1 Methanol:Acetic Acid). For Evans Blue experiments mice were injected with 4 mL/ kg of body weight or a minimum of 150 lL of 2% Evans Blue in filtered PBS (Sigma, E2129) and dye was allowed to circulate for 3 h. Mice were euthanized with Beuthanasia-D and perfused with PBS, and then brains were immediately extracted, fixed in 10% formalin and imaged. After embedding and sectioning, retention of Evans Blue was assessed through surveying sections for blue color and red fluorescence.
Histology
Brains were isolated from mice between ages 2.5 months and 1.5 years old. Brain tissue was fixed in Clark's Fixative (3:1 Methanol: Acetic Acid) for 2 h at RT with shaking. The tissue was dehydrated into 100% EtOH, treated with Xylenes and embedded in paraffin wax at 608C. Sections were cut at 7lm, dried, and baked at 608C for 1 h prior to further processing.
Alizarin Red was performed as in Speer et al. 2009 with the exception of a 1 h 15 min Alizarin Red treatment time (25) . Von Kossa was performed as in Speer et al. 2009 with the inclusion of an optimally reduced 22 min Von Kossa treatment to permit subsequent fluorescent von Willebrand factor (vWF) staining (25) . Periodic acid Schiff (PAS) staining was performed with Periodic Acid Solution (Sigma, P7875, 5 min), Schiff's Reagent (Sigma, 3952016, 20 min) and Harris Hematoxylin counterstain (Sigma, HHS32, 1 min). Trichrome staining was performed with Bouin's fixative at 568C (1 h), Weigerts Iron Hematoxylin (10 min), Beibrich Scarlet-Acid Fuchsin (15 min), Phosphomolybdicphosphotungstic Acid (10-15 min) and Aniline Blue (10-20 min) (UW Pathology Services). Hematoxylin and Eosin staining was performed with Harris Hematoxylin (Sigma HHS32) and counterstained with Eosin Y (Sigma E4382). Alkaline phosphatase activity was detected with the ImmPACT Vector Red kit according to the manufacturer's instructions and a 30 minute AP detection system incubation (Vector, SK-5105). X-Gal staining was performed on brain slices. Briefly, brains were isolated and fixed for 1 h in X-Gal fix containing 1% formaldehyde and 0.2% gluteraldehyde, sliced uniformly with a 1mm coronal brain matrix (EMS 69022), postfixed for 1 h in X-Gal fix, washed in X-Gal buffer and incubated in X-Gal stain containing 5 mM of K 3 Fe and 5 mM K 4 Fe overnight at 378C. X-Gal stained brain slices were fixed in 4% paraformaldehyde, imaged with a Nikon D5100 DSLR and Nikon SMZ1500 Stereo Microscope, paraffin embedded, and sectioned.
Immunohistochemistry was performed using 4% serum block and antibody diluted in 2% serum, visualized with DAB (Sigma, D4293-50SET) or DAB1nickel (Vector, SK-4100), and counterstained with methyl green nuclei stain (Sigma, 323829, 5 min). Sections that underwent immunohistochemistry and/or the above histological stains were mounted with Permount (Fisher, SP15-500). Immunofluorescence was followed by DAPI dilactate for nuclear counterstain (Life Technologies, D3571) and mounted with ProLong Gold Antifade Media (Life Technologies, P36930).
The following antibodies and antibody concentrations were used: CD13 (R&D Systems, AF2335, 5 lg/mL), Collagen IV (Millipore, AB756P, 20 lg/mL), RUNX2 (R&D Systems, MAB2006, 2.5 lg/mL), SMA (Sigma, A2547, 60 lg/mL), SLC20A1 (gift of Dr. M. Levi, University of Colorado, 1:100), SLC20A2 (gift of Dr. M. Levi, University of Colorado, 8 lg/mL), SOX9 (Santa Cruz, SC20095, 1 lg/mL) and vWF (Dako, A0082, 15.5 lg/mL). Secondary antibodies included: DyLight 488-Conjugated AffiniPure Donkey Anti-Goat IgG (Jackson ImmunoResearch, 705-485-147, 7.5 lg/mL), DyLight 549-Conjugated AffiniPure Donkey Anti-Rabbit IgG (Jackson ImmunoResearch, 711-505-152, 7.5 lg/mL), Biotin-SP-Conjugated AffiniPure Goat Anti-Rabbit IgG (Jackson ImmunoResearch, 111-065-144, 2.4 lg/ mL), Rabbit Anti-Goat-Biotinylated IgG (Vector Labs, BA-5000, 3 lg/mL), Alexa Fluor 488-Conjugated AffiniPure Donkey AntiRabbit IgG (Jackson ImmunoResearch, 711-545-152, 15 lg/mL).
Quantification of histological features
All stained and mounted sections were imaged on a Nikon E800 Upright Microscope. All histology quantifications were performed blind. For quantification of calcification, 18 matched sections were taken at 40 lm increments throughout the thalamus for each animal, n 5 3 animals/genotype. Lesion sites were imaged at 403 magnification and file names were coded. Calcified lesion number and area were determined by outlining contiguous Alizarin Red positive sites with ImageJ.
For CD13 and SLC20A1 cell counts, 6 matched sections were analyzed per animal, n53 animals/genotype. The thalamus was imaged at 103 in the same location for each hemisphere (a total of 12 images per animal). Anatomical brain structures including the hippocampus and brain ventricles were used to reliably image the same region. Image names were coded and cell numbers were determined blindly by counting DAPI stained nuclei surrounded by the immunofluorescence signal of the protein target of interest and the ImageJ Cell Counter plugin was used to assist with cell counting.
siRNA-mediated knockdown of SLC20A2
WT mouse SMCs were seeded at a density of 2.5 3 10 4 cells/well in a 6-well plate with growth media (DMEM with 10% FBS and 13 antibiotic-antimycotic). After 24 h, growth media was replaced with transfection media (DMEM with 10% FBS) before 2nM of mouse Slc20a2 siRNA (Ambion, 4390771) or Silencer Select Negative Control No. 1 (scramble, SCR) siRNA (Ambion, 4390843), and 1.5 lL of Lipofectamine RNAiMAX (Life Technologies, 13778150) were added to each well. SMCs without siRNA treatment (no treatment, NT) were also used as a negative control. Transfection media was replaced with growth media after 24 h. SMCs were redosed with the respective siRNAs after 5 days. Sense: 5'-GGCGUGCUGUUCAUACUAA-3'; Antisense: 5'-UUAGUAUGAACAGCACGCC-3'.
In vitro calcification of mouse SMCs SMC calcification was induced by treatment with calcification media (DMEM with 3% FBS and 13 antibiotic-antimycotic) supplemented with NaH 2 PO 4 /Na 2 HPO 4 to a final concentration of 2.8 mM phosphate. SMCs were decalcified with 0.6N HCl overnight at 48C, and the calcium content was determined colorimetrically by the o-cresolphtalein complexone method (Calcium Reagent Set, Teco Diagnostics, C503-480). After decalcification, SMCs were washed 3 times with PBS and solubilized with 0.2N NaOH. The calcium content was normalized to protein content, measured with a BCA Protein Assay (Thermo Scientific, 23235).
Cisternal CSF collection and phosphate detection CSF was collected from the cisterna magna of one year old Slc20a2 1/2 and 1/1 mice as in Liu et al. 2008 (19) . Briefly, glass capillary tubes were purchased from World Precision Instruments, TW100F4 and pulled on a Sutter P-87 flaming micropipette puller, with the heat index set at 100 and the pressure index set at 330. Pipette tips were cut with scissors such that the tip has an inner diameter of 0.5mm. CSF collection took less than five minutes per animal and yielded an average volume of 4.5 lL. CSF was spun down for 10 min at 2000rpm at 48C, transferred to a new tube and stored at 48C until analysis of phosphate levels. Phosphate levels were determined with the QuantiChrom Phosphate Assay Kit (Bioassays Systems, DIPI500).
RNA isolation and TaqMan quantitative realtime PCR (QPCR)
Choroid plexus was isolated and choroid plexus RNA was extracted using the RNeasy Mini Kit according to the manufacturers directions (Qiagen, 74106). cDNA was made with 300ng of total RNA per sample using the Omniscript Reverse Transcriptase kit (Qiagen, 205113) . TaqMan probes are conjugated with a fluorochrome reporter (FAM) tag at the 5'-end and an MGB quencher at the 3'-end were used to assess expression levels. Amplification and detection was carried out in 96-well optical plates on an ABI Prism 7000 Sequence Detection System (Applied Biosystems), with TaqMan Universal PCR 23 master mix (Life Technologies, 4305719) in a final volume of 25 lL per reaction. Each reaction (in triplicates) was carried out at 508C for 2 min, 958C for 10 min, followed by 40 cycles of 958C for 15sec, and 608C for 1 min. Results were analyzed with the manufacturer's software, SDS 1.1 (Applied Biosystems). Gene mRNA expression was normalized to the housekeeping gene 18S, and normalized to the NT control using the quantitative method 
Phosphate uptake studies
Phosphate uptake studies were performed with mouse SMCs, as previously described (13) . Briefly, SMCs were incubated in Earle's buffered salt solution (EBSS) containing 0.1, 0.25, 0.5 mM phosphate and 5lCi/mL H 33 3 PO 4 (PerkinElmer Life Science, Inc.). Radioactivity was measured by liquid scintillation. Sodiumdependent phosphate uptake was determined by subtracting uptake levels measured in EBSS containing choline chloride from uptake levels measured in EBSS containing sodium chloride. Uptake values were normalized to cellular protein content.
Assessment of ocular abnormalities
Mouse eyes were photographed, coded, and scored blindly. Each eye was scored as positive or negative for microphthalmia identified by a small eye, as well as positive or negative for cataracts identified by the presence of visible lens opacity.
Micro-computed tomography
Micro-computed tomography (micro CT) scans were performed at the Small ANimal Tomographic Analysis (SANTA) facility located at the Seattle Children's Research Institute using a SkyScan 1076 instrument (Skyscan, Belgium). Two independent scans were performed on each animal. Skull scans were done at an isotropic resolution of 8.60mm using the following settings: 55kV, 180mA, 1.0mm Aluminum filter, 1450ms exposure, rotation step of 0.78, 1808 scan, and 3 frame averaging. Full body scans were performed at an isotropic resolution of 34.42mm (60kV, 170mA, 0.5mm Aluminum filter, 120ms exposure, rotation step of 0.68, 1808 scan, and three frame averaging). Raw data were reconstructed using the software NRecon V1.6.9 (SkyScan) and 3D rendered images of each dataset were generated using the Drishti V2 Volume Exploration software (http://sf.anu.edu.au/Vizlab/drishti).
Magnetic resonance imaging
The magnetic resonance imaging (MRI) data were acquired on a Bruker Avance III, 14 Tesla (600 MHz), Ultrashield, high resolution, 89mm, vertical bore magnet running ParaVision version 5.1 software. A 3-D, T2-weighted, rapid acquisition with relaxation enhancement (RARE) pulse sequence was used. The sequence parameters were repetition time (TR); 3 sec, echo time (TE); 6 msec, RARE factor; 16, field of view; 2.56 3 1.75 3 1.37 mm, spatial resolution; 0.1 3 0.1 3 0.1 mm. The total acquisition time was 1 h 15 min.
Statistics
At least three independent samples per genotype were analyzed for all histological stains. Three biological replicates per condition were generated for all cell culture experiments. The following statistical tests were used to analyze quantitative data: Wilcoxon signed ranks test was used to determine whether calcified brain lesions were bilateral. For comparison of two groups a P-value was determined by a two-tailed Student's T-test with unequal variance. For comparison of three or more groups, One-way ANOVA was used and followed by Tukey's Post Hoc Test when appropriate to compare means between groups.
RESULTS
Slc20a2 1/2 mice developed age-dependent basal ganglion calcification
Mice heterozygous for the Slc20a2 KO-first allele were obtained from the European Mutant Mouse Archive (EMMA), and used to generate control wildtype (WT) Slc20a2 1/1, heterozygous (Het) Slc20a2 1/2 and knockout (KO) Slc20a2 2/2 mice. Slc20a2 expression across genotypes was determined at the RNA level and we found an average reduction of 75% in Slc20a2 1/2 mice and 99% in Slc20a2 2/2 mice compared to Slc20a2 1/1 mice. We then used the calcium stain Alizarin Red to confirm the previously reported finding that Slc20a2 2/2 mice develop BGC [ Figure 1A , Supporting Information Figure 1E -F, and Jensen et al. (10)], and tested the novel hypothesis that Slc20a2 haploinsufficient mice develop BGC. We found that Slc20a2 1/2 mice do indeed develop calcified lesions that stained positively with Alizarin Red (Figure 1B) , as well as the phosphate stain, Von Kossa ( Figure  1C ). The severity of calcification assessed by lesion number and size was significantly higher in Slc20a2 1/2 brains compared to wildtype Slc20a2 1/1 brains at 1 year (Figure 1D-F) . As with human BGC, calcification was bilateral in Slc20a2 1/2 brains ( Figure 1G ). Calcification was absent at 2.5 months (mo), minimal at 6mo, bilateral at 1 year (yr) and prominent at 1.5yr (Supporting Information Figure 1 ) in heterozygous mice.
Slc20a2-deficiency associated BGC was localized to cerebral arterioles
Calcified deposits were identified specifically in arterioles, and were characterized by the accumulation of basement membrane proteins. Co-localization of Von Kossa with the endothelial cell marker vWF and a-smooth muscle actin (SMA) confirmed that calcified mineral deposits associated with arterioles (Figure 2A-D) . Alizarin Red stained sections compared with Periodic acid-Schiff (PAS) stained sections revealed the presence of basement membrane components in the calcified lesion ( Figure 2E -G), and Masson's Trichrome staining confirmed that the calcified lesions were rich in collagen and/or mucin ( Figure 2H ). Finally, immunohistochemical staining identified the basement membrane protein collagen type IV, as a major component of the calcified lesions ( Figure 2I ).
BGC lesions were void of osteochondrogenic cells
SMC can undergo an osteochondrogenic (OC) phenotype change and this mechanism has been implicated in several Figure 1 . Slc20a2 deficient mice develop BGC. BGC presence was detected in Slc20a2 2/2 mice by Alizarin Red (AR) (A). Brain sections from Slc20a2 1/2 mice revealed mineral deposits positive for both AR (B) and von Kossa (VK) (C). Abundant calcified lesions were observed by AR staining in Slc20a2 1/2 mice but not Slc20a2 1/1 controls (D, E). The average number of lesions was significantly higher in the Slc20a2 1/2 mice compared to the Slc20a2 1/1 controls as determined by a two-tailed Student's T-test with unequal variance; N 5 6; P-value50.018 (F). As seen in human BGC patients, the calcified lesions were located bilaterally as determined by a twotailed Wilcoxon signed ranks test; N 5 6; P-value50.7265 (G). Scale bars: 50 lM (A-C), 500 lM (D,E).
types of vascular calcification (3, 12, 24) . Therefore, we tested the hypothesis that Slc20a2 loss might result in an arteriolar SMC to OC phenotype change. OC phenotype change has been observed in several disorders involving phosphate dysregulation, such as aortic medial calcification in chronic kidney disease rat models. However, brain sections stained with Movat Pentachrome lacked proteoglycan-rich or cartilage-like structures ( Figure 2J ) and were negative for alkaline phosphatase activity (data not shown). We then examined expression of sex-determining region Y-box 9 (SOX9) and Runt-related transcription factor 2 (RUNX2), key transcription factors required for OC differentiation. In accordance with the Pentachrome stain, we determined that the BGC lesion sites were SOX9 and RUNX2 negative ( Figure 2K and data not shown). Calcified aortic tissue from a diabetes mouse model was used as a positive control ( Figure 2L ).
Slc20a2 was expressed in choroid plexus and ependyma, and was required for regulation of CSF phosphate concentration
We took advantage of the LacZ expression construct in the Slc20a2 KO-first allele, and determined localization of activity in mutant Slc20a2 mice by staining for b-galactosidase. Both X-Gal staining and immunohistochemical staining of SLC20A2 in heterozygous animals revealed a notable consensus expression pattern in neurovascular tissues and tissues related to cerebrospinal fluid (CSF) production and regulation, including the ependyma (Ep) (Figure 3A-C) and the choroid plexus epithelium (CP Ep) (Figure 3D-G) . Contrary to SLC20A2, SLC20A1 was localized to the choroid plexus endothelium (CP En) and largely absent from choroid plexus epithelium ( Figure 3H ). Of note, SLC20A2 was recently identified in shark choroid plexus with a similar tissue specific expression pattern; furthermore, the kinetics of phosphate transport across the shark choroid plexus were identical to SLC20A2 phosphate transport parameters (7) .
We then tested the hypothesis that SLC20A2 regulates CSF phosphate levels. As shown in Figure 3I , phosphate levels in CSF trended higher in Slc20a2 1/2 compared to WT mice, but this did not reach statistical significance (P-value50.13). On the other hand, severe deficiency of Slc20a2 in the global Slc20a2 2/2 mice allowed us to observe a statistically significant increase in CSF phosphate concentration ( Figure 3I ). This condition of high phosphate in the CSF occurred in the absence of changes in serum phosphate and calcium levels in Slc20a2 1/2 or Slc20a2 2/2 mice compared to WT mice ( Figure 3J ,K).
Slc20a2 loss and high CSF phosphate levels were associated with multiple neural manifestations One third of weaned Slc20a2 KO mice died prematurely between 4 weeks and 21 weeks of age (N533), likely caused by severe hydrocephalus. Severe lethal hydrocephalus cases were diagnosed by brain morphology ( Figure 4A ) and histology of H&E stained coronal sections ( Figure 4B ). Both Slc20a2 Het and KO mice developed nonpresenting hydrocephalus in accordance with gene dosage. MRI suggests moderate to severe hydrocephalus in KO mice ( Figure 4C ) and mild hydrocephalus in Het mice ( Figure 4D ). Nonpresenting mice did not exhibit major cranial defects, indicating that parietal plate development was completed before gross disruption of CSF flow in these animals. Both male and female Slc20a2 KO mice had reduced body weight (Figure 4E ,F) and abnormal skeletal system structure was frequently observed. Finally, Slc20a2 null mice had reduced survival rates between 4 weeks and 21 weeks of age ( Figure 4G ).
Ocular calcification was detected in Slc20a2 KO mice
Both microphthalmia and cataracts were observed in Slc20a2 KO mice ( Figure 5A,B) . Since high CSF phosphate was identified in Slc20a2 null mice and glymphatic fluid contacts the optic nerve head, we hypothesized that the eye and optic nerve might be susceptible to calcification. Indeed, analysis of 9 lm CT scans detected calcification in both cataracts and in the proximity of the optic nerve head (Figure 5C -E).
Slc20a2 was highly expressed in cerebral SMC
In addition to tissues associated with CSF, analysis of Slc20a2 KO brain slices revealed X-Gal positive cells in neurovascular tissues, dispersed throughout the brain parenchyma, and in the cerebellum. X-Gal activity was detected in arteries within the dura mater (Figure 6A) , as well as the cortex (Figure 6B ), the cerebellum ( Figure  6C ), in the region of the cervical lymphatics ( Figure 6D ), and in bilateral arterioles throughout the thalami ( Figure 6E ). Wildtype Slc20a2 1/1 brain slices from littermates were stained as a negative control, and were X-Gal negative as expected. We then Figure 3 . Slc20a2 is expressed in CSF-associated tissues and regulates CSF phosphate levels. X-Gal staining and/or immunofluorescence counterstain with the nuclear marker DAPI were used to determine tissue-specific expression patterns of Slc20a2. Both X-Gal staining and antibody mediated detection of revealed localization in neurovascular tissues involved in cerebrospinal fluid (CSF) regulation, including the ependyma (Ep) (A-C) and the choroid plexus (CP) epithelium (Ep) (D-G). Furthermore, immunohistochemical staining localized SLC20A1 to the choroid plexus endothelium (CP En) but not the CP Ep (H). CSF phosphate levels were trending in Slc20a2 1/2 mice and significantly increased in the Slc20a2 2/2 mice compared to the WT mice as determined by a One-way ANOVA followed by Tukey's Post Hoc Test; N 5 11; KO P-value is < 0.05 when tested against WT samples (I). Data shown is representative of three independent experiments. Compared to Slc20a2 1/1 mice, serum phosphate and calcium levels in both the Slc20a2 1/2 and Slc20a2 2/2 mice were not significantly different, as determined by a One-way ANOVA; N 5 23 (J, K). Scale bars: 2 mm (A,D,E), 50lM (B), 10lM (C,F,G), 20lM (H). Abbreviations: CP En5choroid plexus endothelium; CP Ep5choroid plexus epithelium; Ep5ependyma; LV5lateral ventricle; V5ventricle.
determined whether vascular X-Gal staining co-localized with SMCs or astrocytes.
We found clear localization of X-Gal staining in cells of the neurovascular unit in Slc20a2 1/2 mice with BGC; X-Gal positive cells co-localized with the SMC marker SMA and were juxtaposed to GFAP positive astrocytes (Figure 6F-H) . We then confirmed that SLC20A2 protein was localized to arteriolar SMCs by colocalization with SMA ( Figure 6I-L) . As expected, BGC lesions were present in SMA positive vessels ( Figure 6M ). SLC20A2 positive cells were present in low numbers in highly calcified lesions ( Figure 6N ). X-Gal activity was also detected in the media of vessels that connect to the choroid plexus ( Figure 6O ) and large cerebral arteries ( Figure 6P ). Together these data implicate SMC as a strong candidate for a causative cell type in Slc20a2 deficient cerebrovascular calcification.
Loss of Slc20a2 in SMC enhanced susceptibility to high phosphate-induced calcification
It has been suggested that BGC may develop in response to high extracellular phosphate levels that trigger an active cellmineralization process (26, 28) . In order to test the hypothesis that Slc20a2 loss leads to enhanced susceptibility to calcification in SMCs, we developed an in vitro system for mechanistic studies by treating SMC with Slc20a2 siRNA and pro-calcific medium, and assessing calcification levels. Dosing SMCs with Slc20a2 specific siRNA yielded an 88% knockdown (KD), compared to both NT and scramble siRNA (SCR) treated cells ( Figure 7A ). Decreased phosphate uptake was observed in KD cells as compared to SCR controls using radiolabelled Phosphorus-33 ( Figure 7B ). In order to produce a more accurate model of cerebral vessels and glymphatic spaces, in which a dysfunctional phosphate transporter may result in local accumulation of high extracellular phosphate concentrations, we treated cultured SMCs with normal or high phosphate calcification media. Indeed, Slc20a2 deficient SMCs showed greater calcification in response to calcification media starting at 4 days, and this attained statistical significance at 6 days ( Figure 7C ).
Slc20a2 deficiency did not alter blood brain barrier permeability or Slc20a1 levels
In addition to OC phenotype change discussed above, pericyte deficiency, blood brain barrier (BBB) disruption, and Slc20a1 compensation have been proposed as potential mechanisms for BGC. To test these possible mechanisms, several experiments were performed. Pericytes were quantified by counting CD13 positive cells in the thalamus of 1yr old Slc20a2 1/2 and 1/1 mice. No difference in the CD13 positive cell numbers or the association of CD13 positive cells with vessels was observed between Slc20a2 1/2 and Slc20a2 1/1 brains (Supporting Information Figure 2A) . Furthermore, BBB function was maintained as determined by lack of Evans Blue permeability at 1yr (Supporting Information Figure   Figure 4 . Complete Slc20a2 loss results in hydrocephalus and premature death. Severe lethal hydrocephalus cases and premature death were seen in our weaned Slc20a2 2/2 mice, as diagnosed by brain morphology (A) and by histology of H&E stained coronal sections (B). Moderate to severe hydrocephalus was confirmed in Slc20a2 2/2 mice by MRI, n 5 2 (C) and detection of ventricles in Slc20a2 1/2 mice by MRI indicates mild hydrocephalus (n 5 1) in Slc20a2 1/2 mice (D). Reduced body weights were observed in both Slc20a2 2/2 female (N 5 25; P-value<0.01) and Slc20a2 2/2 male (N 5 21; P-value<0.05) mice when compared to age and sex matched Slc20a2 1/1 controls at six weeks of age, determined by a One-way ANOVA followed by Tukey's Post Hoc Test (E,F). Poor survival was observed in Slc20a2 2/2 mice between 4 and 21 weeks of age (G). 2B). Together these data indicate that BBB integrity is maintained in Slc20a2 haploinsufficient mice with BGC. Furthermore, this functional data complements the protein localization patterns and in vitro studies, and suggests that neither pericytes nor endothelial cells are the causative cell type, again implicating a role for SMC. Finally, we examined the potential for Slc20a1 compensation in neurovascular cells that might predispose to vascular calcification (4, 22) . There was no difference in the number of SLC20A1 positive cells or overall protein expression in the thalamus of Slc20a2 1/1 vs Slc20a2 1/2 mice (Supporting Information Figure 2C -E). Although we did not find an upregulation of SLC20A1 protein levels or the number of SLC20A1 positive cells in Slc20a2 1/2 mice with BGC, we did find that SLC20A1 was expressed by endothelial cells associated with the calcified lesions (Supporting Information Figure 2F -H).
Discussion
We found for the first time that Slc20a2 1/2 mice developed agedependent BGC that formed in cerebral arterioles, similar to what has been observed in humans with autosomal dominant BGC. Slc20a2 displayed a consensus gene expression pattern in tissues that produced or regulated CSF, and Slc20a2 depletion resulted in elevated CSF phosphate levels. Slc20a2 2/2 mice were subviable prior to weaning and had poor survival rates between 4 and 21 weeks of age, with deaths likely caused by severe hydrocephalus. In vessels, SLC20A2 protein was abundant in neurovascular SMCs within the glymphatic passages. SMC knockdown by Slc20a2 specific siRNA resulted in increased susceptibility to calcification in vitro. In contrast, Slc20a2 haploinsufficient brains showed no difference in pericyte numbers and maintained BBB integrity, with Figure 5 . Ocular abnormalities associated with Slc20a2 deficiency. Both microphthalmia and cataracts were observed in six week old Slc20a2 KO mice (WT n 5 8; Het n 5 4; KO n 5 5) (A,B) . Furthermore, 9 lM CT scans detected calcification (red arrows in C) in both cataracts (yellow arrow in D,E) and in close proximity to the optic nerve head (white arrows in D,E).
normal levels of Slc20a1 and numbers of SLC20A1 positive cells. These data strongly suggest that BGC caused by Slc20a2 deficiency was caused by abnormal CSF phosphate homeostasis combined with increased susceptibility of neurovascular SMC to calcification.
Similar to previous findings, our data confirmed that Slc20a2 2/2 mice develop BGC (10) . In contrast to the previous findings, however, we are the first to describe several additional central and peripheral phenotypes in the Slc20a2 2/2 mice. Centrally, Slc20a2 2/2 mice displayed significantly elevated phosphate in CSF, calcified optic nerve tissue, and moderate to severe hydrocephalus. Peripherally, the mice displayed poor skeletal development, low body weight, and significantly decreased postweaning survival rates. Of note, optic nerve sheath calcification has been associated with human BGC in rare cases (27) . Slc20a2 1/2 mice for the most part lacked these additional phenotypes and thus are the first animal model to accurately recapitulate the autosomal dominant feature of IBGC.
We identified two major roles of Slc20a2 that most likely contribute to Slc20a2 haploinsufficiency-associated BGC. First, we found that SLC20A2 was required to maintain normal CSF phosphate levels. Several tissues are involved in CSF production and maintenance. Slc20a2 displayed a consensus expression pattern in all of these tissues, including the choroid plexus, ependyma, and SMC within glymphatic pathways (indicated in red in Figure 8A -C). The choroid plexus is a well-accepted site of CSF production. CSF is produced from the choroid plexus as an ultrafiltrate from blood that flows through the choroid plexus capillaries. The choroid plexus epithelium that surrounds the choroid plexus capillaries is the primary interface between the ultrafiltrate and the brain ventricles, and actively regulates CSF composition (11) . Slc20a2 was abundantly expressed by the choroid plexus epithelium (illustrated in red in Figure 8A ). Phosphate transport properties across the experimentally tractable spiny dogfish choroid plexus are consistent with SLC20A2 activity (7). Ventricular CSF clearance and passage into the brain interstitium is mediated by the ependymal cells that line the ventricles. SLC20A2 protein lines the apical (ventricular lumen) side of the ependymal cells (illustrated in red in Figure 8A ), and thus was exquisitely poised to participate in ventricular phosphate re-uptake from the ventricles to the interstitium. Analogous to the role of type II transporters in controlling urinary phosphate levels, SLC20A2 appears to be a major determinant of CSF phosphate levels (15) . In addition to CSF production from the choroid plexus, it is now recognized that a significant portion of CSF is produced by vessels within the glymphatic pathway (11) . Although much less is known about this mechanism, CSF is likely produced from the blood via the vessels in the glymphatic spaces (perivascular and Virchow Robbins spaces). CSF accumulates in the glymphatic spaces that surround vascular tissue and is intimately associated with AQP4 positive astrocyte endfeet (9) . Thalamic glymphatic spaces in the region of the vessels that calcify in Slc20a2 deficient mice are continuous with CSF flow from the cisterna magna (7) . In addition to the choroid plexus epithelium and the apical ependymal staining, we found abundant SLC20A2 protein in SMCs that lined glymphatic pathways (illustrated in red in Figure 8B ,C). Lastly, we found functional data that supported a role for Slc20a2 in maintaining normal levels of CSF phosphate, as Slc20a2 deficient mice developed elevated phosphate levels in the CSF evident by sampling of cisternal CSF (illustrated in yellow in Figure 8E -H). Flow within and around the thalamic arterioles is believed to be slower than it is at more superficial cerebral vessels of larger diameter, although the mechanisms that regulate this are poorly understood. We suspect that the astrocyte/SMC contact sites play a role in restricting the rate of flow, and this is supported by the observed accumulation of fluorescent markers (9) . As such, it is likely that an increasing gradient of phosphate persists in these afferent vessels in Slc20a2 deficient conditions caused by decreased levels of phosphate clearance (illustrated by a yellow gradient in Figure 8F-H) . Thus, SLC20A2 regulates CSF phosphate levels, and high phosphate CSF that fills the arteriolar glymphatic spaces/pockets may play a role in the development of BGC ( Figure 8F ).
In summary, we predicted that lack of Slc20a2 would cause decreased phosphate uptake and clearance in all CSF generating tissues including the choroid plexus and blood vessels within the glymphatic pathway, and would lead to phosphate wasting into the CSF, which we readily observed in Slc20a2 2/2 mice. We speculate that our inability to detect statistically significant derangements in CSF phosphate concentrations in Slc20a2 1/2 mice may have been caused by variability arising from the detected differences in gradients of CSF phosphate levels using our bulk CSF collection method, and compensation by other phosphate transporters or enhanced water transport that led to increased CSF volume. The latter hypothesis is supported by our observation of mild hydrocephalus in the Slc20a2 1/2 mice.
The second major role of Slc20a2 that we identified is anticalcific protection of SMC. Slc20a2 deficient SMC treated in vitro with a pro-calcification high phosphate media displayed Figure 7 . Loss of Slc20a2 in SMC results in a susceptibility to high phosphate-induced calcification. Knockdown (KD) of Slc20a2 in SMCs was induced by short interfering RNA (siRNA). The level of Slc20a2 in KD SMCs was 90% on average (P-value<0.0001) compared to the NT and scramble siRNA treated (SCR) controls (n 5 3 per condition), determined by a One-way ANOVA with Tukey's Post Hoc Test (A). Furthermore, the KD SMCs (n 5 3 per concentration) had a lower phosphate uptake at all phosphate concentrations compared to SCR controls (n 5 3 per concentration): 0.1 mM phosphate (P-value50.0085); 0.25 mM phosphate (P-value50.011); and 0.5 mM phosphate (P-value50.0027) determined by a two-tailed Student's T-test with unequal variance (B). Cultured SMCs (n 5 3 per condition) were also treated with normal or high phosphate media calcification media. Calcification was time-dependent; after 6 days, the KD SMCs had an increased level of calcification (P-value50.006) compared to the NT and SCR controls, using a One-way ANOVA with Tukey's Post Hoc Test (C).
significantly greater levels of calcification than either NT or scramble siRNA treated controls. This finding supported the idea that Slc20a2 is protective against calcification, yet suggested that a high phosphate insult is required to reveal the susceptibility of Slc20a2 deficient SMC to calcification. Together, these findings suggest that global Slc20a2 deficiency leads to BGC in a "2 hit" etiology. The data support a hypothetical disease mechanism in which dysfunctional CSF phosphate clearance results in elevated CSF phosphate levels and accumulation of high phosphate in glymphatic spaces that surrounding thalamic arterioles. Subsequently, direct exposure of this high phosphate fluid to SMC that lacked Slc20a2-dependent anti-calcific properties would be expected to result in cerebral vascular calcification. Currently, the molecular mechanism delineating how Slc20a2 protects arteriolar SMCs from vascular calcification remains unknown. However, we have observed decreased phosphate uptake in Slc20a2 deficient SMC in vitro (Figure 7B) ; in vivo this may play a protective role against high phosphate in the glymphatic space.
The idea that deranged phosphate homeostasis accounts, at least in part, for BGC is further supported by recent findings that mutations in the phosphate effluxer, XPR1, are also causative for BGC in people (16) . Indeed, the identified mutations in XPR1 are localized to the highly conserved phosphate efflux SPX domain and XPR1 RNAi results in decrease in phosphate efflux in HEK293T cells (16) . Furthermore, phosphate efflux was restored when endogenous XPR1 was expressed (16) . In the human brain XPR1 was expressed in several regions, including the thalamus and the choroid plexus epithelium. SLC20A2 and XPR1 may both be integral to regulation of phosphate homeostasis in glymphatic spaces and protection against BGC. Further analysis of the SLC20A2 and XPR1 genetic and molecular interactions may shed light onto how these two phosphate regulators play a role in the development of BGC.
In addition to SLC20A2 and XPR1, mice that lack normal PDGF signaling also developed BGC, and both PDGFB and PDGFRB mutations have been linked to IBGC. Though the mechanism of IBGC in these cases is still unproven, disrupted PDGF signaling led to a loss of normal pericyte recruitment into the brain and loss of BBB function in mice (1, 14) . While it has been speculated that loss of pericytes and BBB dysfunction might underlie IBGC (1, 14) , we found no evidence of pericyte deficiency in the thalamus or BBB dysfunction in Slc20a2 1/2 mice compared to Slc20a2 1/1 mice. These data led us to speculate that BGC resulting from Slc20a2 deficiency may arise from a different mechanism than BGC associated with PDGFB signaling defects. Alternatively, PDGF signaling may be a critical upstream regulator of Slc20a2 Figure 8 . Slc20a2 deficiency-associated high CSF phosphate and SMC susceptibility to calcification may result in BGC in a 2-hit mechanism. In normal conditions phosphate CSF concentrations are maintained at homeostatic levels as indicated in white in A-D. SLC20A2 is poised to regulate CSF phosphate and is localized to the choroid plexus and ependyma (red in A), and the neurovascular SMCs (red in B-D) adjacent to CSF-containing glymphatic spaces. In Slc20a2 deficient conditions, these tissues contain reduced levels of SLC20A2 indicated in brown (E-H). Slc20a2 deficiency leads to higher CSF phosphate concentrations in glymphatic spaces as indicated in yellow (E-H). The glymphatic spaces are delineated by astrocytes and permeated by astrocyte endfeet, creating pockets. Fluid flow through this porous and segmented structure (G and H), is assumed to increase retention parameters caused by turbulent flow and increased surfaceion interactions mediated by Brownian Forces. In this case a higher concentration of phosphate likely accumulates in glymphatic spaces that surround the exterior of smaller vessels, indicated by the yellow gradient and segmentation by astrocyte endfeet (F-H). In normal conditions, SLC20A2 may act to promote SMC phosphate clearance from arteriolar glymphatic spaces (red arrows in D), and SLC20A2 plays a currently unidentified protective role against SMC calcification, illustrated by active gene expression in a SMC nucleus (D). In disease conditions, SLC20A2 deficiency results in high CSF phosphate concentrations compounded by the loss of protective roles against SMC calcification (H). We pose the hypothesis that these abnormalities lead to BGC in a 2-hit mechanism. Abbreviations: BGC5basal ganglia calcification; SMC 5 smooth muscle cell; EC 5 endothelial cell; A 5 astrocyte; L 5 lumen.
expression, since PDGFB has been shown to induce expression of Slc20a2 in cultured mesenchymal cells (5) . It will be important to determine whether PDGF deficiency leads to decreased Slc20a2 levels in the brain and subsequent elevations in CSF phosphate concentrations.
The Slc20a2 haploinsufficient mouse model will be an invaluable tool for testing efficacy of therapies and preventative treatments. Our work confirmed that the gene expression, histological phenotypes, and blood chemistry of Slc20a2 1/2 mice are representative of human IBGC. The BGC that develops in Slc20a2 1/2 can now be used as a reliable bioassay to test candidate IBGC treatments. It remains to be seen whether Slc20a2 1/2 mice develop motor control and neuropsychiatric disorders. If these mechanisms are conserved, their assessment may provide a noninvasive bioassay that will greatly assist analyzing alleviation of disease progression over time. Now that an accurate mouse model has been established, the field can also move forward in determining the causative cell type(s) in BGC through the use of tissue specific KOs.
Finally, our studies are pertinent not only to understanding the disease mechanism of IBGC, but more broadly reveal for the first time the importance of the phosphate transporter, SLC20A2 in controlling CSF phosphate homeostasis and neural health. They also are among the first to describe a severe pathology associated with the newly identified glymphatic clearance pathway in the brain, and highlight the susceptibility of this pathway to damage. Finally, our studies may provide insights into other diseases, such as Alzheimer's. Functional choroid plexus studies in mouse support that deregulation of choroid plexus-CSF clearance pathways may be a central disease event causative of Alzheimer's Disease, and abnormal build up of brain wastes are suspected of exacerbating sporadic Alzheimer's Disease (6) . Indeed, a healthy brain-CSF barrier would confer protective advantages on the brain, including protection against metabolic dysfunctions in diseased, aging central nervous systems, and promotion of an optimal environment for neurons (6) .
